Age-related changes in cerebral energy utili zation were examined in swine , a species whose maximal rate of development is known to occur in the perinatal period. Interleaved in vivo 31p and I H nuclear magnetic resonance spectroscopy was used to measure the rates of change in cerebral concentrations of phosphocreatine (PCr) , nucleoside triphosphates, and lactate following complete ischemia, induced via cardiac arrest , in a total of 19 newborn, lO-day-old, and I-month-old piglets. Preischemic concentrations of these three metabolites plus glucose and glycogen were determined in a separate experiment on 12 piglets whose brains were fu nnel-frozen in situ. The rate constants for the PCr and ATP decline and lactate increase were determined by nonlinear regres sion fits to the experimental data, assuming first-order kinetics. The rate constants and preis chemic metabolite concentrations were used to calculate the initial flux of high-energy phosphate equivalents (-P) , which was used as an estimate of cerebral energy utilization at the point when ischemia was initiated. Cerebral energy utilization equaled 6.5 ± 1.9,9.5 ± 3.2, and 15.1 ± 3.2 !-Lmol -P/gl min in newborn , lO-day-old, and I-month-old piglets , re-Cerebral function critically depends on a continu ing supply of glucose and oxygen; an interruption converts the brain into a "closed system" solely dependent upon intracellular energy reserves.
spectively. Within each age group the energy utilization rate was not altered by hyperglycemia-induced increases in cerebral energy reserves, but during hypoglycemia ce rebral energy utilization rates decrease. The slope of -P versus time decreased with the duration of ischemia, in dicating that cerebral energy utilization rates decrease af ter the first few minutes of ischemia. Newborn piglets had higher cerebral energy utilization rates compared with lit erature values for newborn rats and mice. This is consis tent with the concept that newborns from a species with a perinatal stage of maximal growth and development will have higher cerebral energy demands compared with newborns from a species such as rodents, whose maximal growth occurs postnatally. However, this conclusion re mains tentative because literature cerebral utilization rates estimated fr om the initial slope of -P-versus-time plots tend to underestimate the true rate, since the as sumption of continued linearity may not be valid for the interval chosen. Key Words: Brain development-Energy metabolism-Glucose-Ischemia-Neonatal brain pH Nuclear magnetic resonance spectroscopy. Lowry et al . (1964) made use of this to determine cerebral energy reserves and utilization rates in mice by measuring the change in concentrations of phosphocreatine (PCr) , ATP, glucose, and glycogen at different times after decapitation and converting these into units of high-energy phosphate equiva lents (-P) . The initial slope from plots of -P versus time was used to estimate cerebral energy utiliza tion rates (i.e., d-Pldt) . Values of d-Pldt measured in this fa shion agree with estimates obtained from an "open system," provided from rates of glucose consumption or O2 usage measured under aerobic conditions (Erencinska and Silver, 1989) . This agreement suggests that the initial slope of -P ver sus time calculated using the closed system is rep-resentative of brain energy utilization immediately prior to decapitation.
Lower cerebral energy utilization rate was impli cated as a major factor explaining the longer sur vival of newborn rodents compared with adults ex posed to hypoxia-ischemia, since measurements us ing the closed system approach gave rates that were 10--20 times lower than adult rates (Volpe, 1987) . Analogous measurements using an open system are not considered valid, since immature rodents have been shown to utilize alternative substrates to glu cose as cerebral fuels (see Duffy et aI ., 1975 ). The closed system approach is not easily applied to non rodent species, because ofthe extensive numbers of animals this method requires and difficulties in rap idly freezing a larger brain mass. There is a lack of information concerning the changes in cerebral en ergy utilization rates during ontogeny for nonrodent species. Differences in cerebral energy utilization rates may be present in newborn rodent versus non rodent species, since cerebral growth and develop ment in rats reach their maximum rate at � 10 days old, whereas the same phenomenon in humans and piglets is attained in the perinatal period (Davison and Dobbing, 1968) . We hypothesized that higher cerebral utilization rates exist in newborn piglets compared to rodents. Knowledge of age-related changes in cerebral energy utilization is critical for characterizing' 'immature" brain for the species un der consideration and for comparing results fr om different species.
In vivo 31p and IH nuclear magnetic resonance (NMR) spectra can record changes in cerebral PCr, ATP, and lactate following complete ischemia with 0.6-min temporal resolution (Corbett et aI., 1992) . Thus, all the variables to calculate d� Pldt using the closed system approach can be determined in a sin gle animal . In this report we describe our procedure to determine d� Pldt during complete ischemia in three age groups of piglets corresponding to new born, lO-days-old, and I-month-old. The specific is sues addressed are the estimation of d� P/dt using the appropriate kinetic equations, changes in d� PI dt during the first month of life , and the extent to which the decline in d�P/dt during ischemia is af fe cted by preischemic cerebral glucose reserves.
MATERIALS AND METHODS

Surgical preparation and experimental procedures
The surgical procedures and experimental protocol were approved by the V. T. Southwestern Medical Center Institutional Review Board for Animal Research. A total of 31 miniature swine (Sinclair strain) were studied, rang ing in postconceptual age from III to 153 days (normal J Cereb Blood Flow Metab, Vol. 13, No. 2, 1993 term gestation is 115 days). Nineteen animals were used to measure age-related changes in cerebral energy metab olite concentrations during 30 min of complete cerebral ischemia, measured in vivo by I H and 31 p NMR, and were divided into three age groups: newborn (n = 7) , 10 days old (n = 6), and 1 month old (n = 6). Twelve addi tional animals (n = 4 for each age group) were used to evaluate preischemic cerebral concentrations of PCr, cre atine , A TP, total nucleoside triphosphates (NTP) , lactate , glucose, and glycogen.
For two litters birth was initiated after 110-114 days of gestation via prostaglandin-induced labor (Linderkamp et aI., 1981; Corbett et aI., 1992) ; other litters were studied after spontaneous term delivery (114-1 16 days). All pig lets were kept with their sow until the day of the study. Surgery was preceded by anesthesia with ketamine (10 mg/kg i.m.) and infiltration of surgical sites with 1% xy locaine for local anesthesia. Next, the piglet was rapidly tracheotomized and ventilated with 70: 30 N20/02 (Har vard small animal respirator). Intravascular catheters were placed in the carotid artery and the superior vena cava via the internal jugular vein, respectively. D-Tubo curarine Cl (0. 10 mg/kg i. v.) and nalbuphine (0. 15 mg/kg i. v.) were then administered for muscle relaxation and analgesia, respectively. Ketamine is a short-acting anes thetic; by the time experimental data collection was com menced 2 h later, its potential affe ct on cerebral metabo lism was negligible. The use of nalbuphine for analgesia during the NMR measurements is not expected to affect cerebral energy metabolism, since narcotic opiates re lieve pain but have little or no depressive affect on central nervous system activity (Benedetti and Butler, 1990) .
For experiments involving in vivo NMR, scalp overly ing the skull was retracted so that the NMR radiofre quency coil rested directly on the skull. After surgery the animal was transported to the magnet and stabilized for 1 h before commencing in vivo NMR measurements. Con trol data consisted of a pair of 31 p and I H NMR spectra and arterial blood gas and substrate measurements to as sess baseline brain metabolite levels and systemic phys iologic status, respectively. A continuous intravenous in fu sion of glucose (10-30 mg/kg/min) or bolus intravenous injection of insulin (1-2 IV/kg) was given so as to adjust the arterial plasma glucose concentration ([gluCOSe] p lasmJ of individual piglets to a predesignated value in the range of 1-30 mM. In an earlier study, we concluded that a IO-min preis chemic interval when [gluCOSe] p lasma is con stant should be sufficient time to allow equilibration be tween blood and brain levels of glucose (Corbett et aI., 1991) . After �30 min, when the desired [gluCOSe] p lasma was reached, an additional pair Of 31 p and I H NMR spec tra and arterial blood samples were collected. Complete cerebral ischemia was then initiated rapidly by cardiac arrest via an intravenous injection of 4 ml of 4 M KC1; a second injection of nalbuphine was given 15 min before initiating cardiac arrest. Changes in brain phosphorylated metabolites and lactate were monitored continuously by collecting 31 p and I H NMR spectra during the period fol lowing cardiac arrest. After 30 min, NMR data collection was ceased and the animal was taken out of the magnet. The portion of the cerebral cortex immediately below the NMR coil was removed and stored at -70°C for subse quent analysis of the final brain lactate concentration,
For experiments involving the in vitro biochemical analysis of brain metabolites under control conditions, skin overlying the skull was removed, a craniotomy was performed, and the dura was dissected away. Mter a 30min stabilization period, blood samples were taken for determination of P aDZ' P aCoZ' pH, [glucose] p lasma, and plasma lactate ([lactate] p lasma)' The brain was then frozen in situ for 10-20 min using the method of Ponten et al . (1973) ; blood pressure and heart rate remained normal throughout funnel-freezing. Finally, the animal was killed (pentobarbital 150 mg/kg) , and the frozen cortex was re moved and stored at -70°C until the preparation of tissue homogenates.
Analytical techniques NMR spectroscopy. NMR measurements were made on a General Electric CSI system and 40-cm-diameter bore Oxford superconducting magnet operating at a field strength of 4.7 T. 31p and I H NMR spectra were obtained using a two-turn radiofrequency coil (outer coil dimen sions: 5 x 3 cm), double-tuned to the 31p and I H re so nance frequencies (Gonnella and Silverman , 1989) . The piglets rested prone with the coil lying directly above the skull. The protocol for data collection consisted of acquir ing 16 free induction decays (FIDs) at the I H frequency for 25 s, fo llowed by the collection of 4 FIDs at the 31p frequency for 5 s. A 3-s interval was required for the computer to switch data collection parameters , making the total time to collect a pair of I H and 31p NMR spectra equal to 36 s. To establish a steady state of magnetization before the recording of data, for all 19 animals, a 90° pulse was applied 1 s before collecting four FlDs at the 31p frequency. Under control condition, 10 blocks of four FIDs were collected (i.e., I = 40) , while during ischemia 2 blocks of four FIDS were collected (i.e., I = 8) . For 10 animals, the first FID was also saved into a file separate from the four subsequent FlDs (i .e. , I = 10), as part of the determination of saturation factors (SFs). 31p NMR data collection consisted of a 90° excitation pulse, 256-ms acquisition time , and 700-ms delay before the next exci tation pulse; the sweep width was 5,000 Hz and there were 2,048 data points/FID. The accumulated 31p FID was processed by applying baseline correction for DC offsets , removing the first three data points by left shifting fo llowed by right-shifting to reestablish the phase integrity , and applying an exponential apodization fu nc tion corresponding to 20-Hz linebroadening. Fourier transformation, zero-order phasing, and baseline straight ening using a spline interpolation routine . To measure the �-lactate I H NMR spectrum, signals from water and lipids were suppressed using a 1 3 3 1 -T -2 6 6 2 -T -Ac, spin echo pulse sequence, where " 1" corresponds to the first portion of a binomial pulse equal to Vs of the 90° pulse width; the other pulses are mUltiples of this; over bars indicate phase inversion (Hore , 1983) . The pre pulse delay time was 1 s, the delay time for echo fo rmation (T) equaled 150 ms, the sweep width was 5,000 Hz, and there was 2,048 data points/FID. The accumulated I H FID (16 transients) was processed by applying baseline correction for DC offset and multiplication by an exponential apodization function corresponding to 10 Hz line broad ening, Fourier transformation , and zero-order phasing. The phase angle employed was determined from the set ting that gave the maximal positive peak for the final post mortem �-lactate NMR spectum. To suppress nonlactate I H NMR signal, a control spectrum was subtracted from all subsequent spectra collected during ischemia, yielding a series of difference spectra showing the time course of cerebral lactate accumulation following complete isch emia. To reduce the amount of noise accumulated by vir tue of performing difference spectroscopy , the control spectrum was obtained as the sum of 160 FID transients. For 10 animals spanning the age range studied, we exam ined the line width of the lactate I H NMR difference from the point where this peak was first visible after cardiac arrest (�1.2 min) up to 30 min . The linewidth did not change , suggesting that changes in peak heights provide an accurate measure of relative changes in brain lactate concentration following ischemia. Similar conclusions were reached by other groups in the study of adult cats (Alger et al ., 1989) and rabbits (Petroff et al . , 1988) . Hyp oxia-and ischemia-induced increases in the I H NMR sig nals corresponding to lipids at 1.5 and 0.9 ppm have re cently been reported (Rosenburg et al., 1991) . In the pre sent study, the potential for this to compromise the quantitation of the rate of change in brain lactate follow ing cardiac arrest was discounted, since peaks at 1.5 and 0.9 ppm were not observed in the I H NMR difference spectra (Corbett et al ., 1991 (Corbett et al ., , 1992 and since only the first 5 min of the lactate time course is used for estimating the rate constant for lactate formation.
Physiological monitoring and blood biochemistry. MABP and heart rate were measured via the catheter in the carotid artery using a Gould pressure transducer and a Coulbourn polygraph. The catheter in the carotid artery was also used to obtain samples for monitoring arterial blood: pH , COz and Oz tensions, lactate , glucose, and hematocrit (HCT) . The catheter in the superior vena cava was used for the administration of nalbuphine, glucose or insulin, and KCl . Arterial blood pHa, PaCOZ' and Pao2 were measured from a 200-1L1 sample using a Corning 165 blood gas analyzer. Plasma lactate concentration was measured using the lactate dehydrogenase assay after de proteinization of 200 ILl of plasma with 8% perchloric acid (PC A) and centrifugation for 1 min at 1,500 g. Plasma glucose was determined by the glucose oxidase/ peroxidase assay after deproteinization of 50 ILl of plasma with 2% PCA and centrifugation. Polygraph traces of heart rate and MABP were recorded continuously during the experiments, while blood samples were drawn at the midpoint of preis chemic NMR data collection periods.
Brain tissue biochemistry. All enzymes and substrates were purchased from either Sigma Chemical Co . (St. Louis, MO, U.S.A.) or Boehringer Mannheim Corp . (In dianapolis, IN , U.S.A.) and used without further purifi cation. The concentrations of metabolites were calculated as micro moles of metabolite per gram of frozen brain powder. Frozen cortical brain samples were ground to a powder and mixed thoroughly to ensure a homogeneous sample representative of the entire region of brain (�10-15 g) measured by the NMR radiofrequency coil . Portions of frozen brain powder (0.3-0 .5 g) were weighed into pre chilled tubes, homogenized with a motor-driven ground glass pestle in 5-6 vols of cold 5% PCA, and centrifuged at 4°C for 15 min at either 15,000 or 30,000 g. The aqueous portion was removed and neutralized with KOH . Precip itated potassium perchlorate was removed by a second centrifugation and the remaining aqueous portion was used for measurements of lactate , glucose , PCr, and ATP using standard enzymatic procedures (Lowry and Pas sonneau , 1972) . Total NTP were determined following the procedure developed by S. R. Nelson (Lowry and Pas sonneau, 1972) with the exceptions that all enzyme amounts were doubled and the reaction time was for 60 min at room temperature . The analysis of glycogen was based on the procedures described by Keppler and Decker (1974) with the exceptions that 0.1 ml of the crude PCA homogenate was added directly to 1 ml of solution containing amyloglucosidase (14 IV measured at 25°C) in 0.2 M acetate buffer (final pH 4.2). After a 2-or 3-h re action time at 40°C, the reaction was quenched by placing the solution in ice, followed by centrifugation at 30,000 g for 15 min at 4°C. The total glycosyl content was mea sure<;l using the hexokinase/glucose-6-phosphate dehy drogenase assay for glucose, with the fluorometric deter mination of NADPH formation using a Ratio-2 System Fluorometer (Farrand Optical Company, Valhalla, NY, U.S.A.).
Calculations
Intracellular pH, lactate, and phosphorylated metabo lites. Mean intracellular brain pH was calculated from the chemical shift of Pi by means of the following equation (Corbett, 1987) :
where p equals the chemical shift difference (in units of parts per million) between the Pi resonance frequency at different stages in the protocol and the PCr resonance frequency at control (0 ppm) . Since the animal is placed in the magnet and its position never changed, it is possible to use the resonance frequency of PCr measured in a control spectrum as the chemical shift reference standard for subsequent spectra acquired during ischemia, when the concentration of PCr rapidly decreases to zero . The validity of making pHi measurements via 31p NMR has been discussed previously (Corbett et aI. , 1992, and refs . therein) .
The relative areas of 31p NMR peaks in control spectra were quantified by nonlinear iterative least-squares curve fitting assuming a Lorentzian peak shape. Curve fitting was performed using NMRI data analysis software (Lab 1, version 1.0; New Methods Research, Syracuse, NY, U.S.A.) described by Kumar et aL (1983) . Curve fitting was performed on five regions of spectra: 10-1.5, 1 to -1, -1.5 to -3.5, -6.5 to -9, and -15 .3 to -17 .3 ppm. Peak positions corresponding to phosphomonoester peaks 1 and 2 (PMEI and PME2 , respectively) , inorganic phosphate (PJ, phosphodiester (PDE), PCr, 'Y-NTP, a-NTP, diphosphodiester (DPDE) , and rl-NTP were fixed to the values identified in the NMRI "Peak Analysis" routine (Dumoulin, 1984) . Heights estimated using the peak analysis routine were used as initial seed values to commence curve fitting, and initial peak line widths were set to 50 Hz. The height and linewidth parameters were varied within the ranges of 0-150 and 10-1,000% of their initial values, respectively. The maximum number of it erations attempted before a best-fit solution was reached was limited to ,,;40. The best-fit height and line width were used to calculate the area of the peak by numerical inte gration from ±5 times the line width at half-height (Sotak et aI., 1983) .
To improve the signal-to-noise ratio (SIN) , a I-s inter pulse delay time was used for the collection of the 31p NMR spectra. However, under these conditions the in- 1993 tensity of NMR peaks is attenuated due to incomplete spin lattice relaxation. The degree of attenuation, or the SF, equals the area measured for nonattenuated NMR peaks divided by the peak area measured under condi tions of partial attenuation. Evelhoch et al. (1985) found that the spin lattice relaxation time (Tl) measured at 4.7 T for the PCr, rl-NTP, and Pi 31p NMR peaks ranged from 5.6 to 1.6 s in adult rat brain. Therefore , two NMR spec tra were obtained using a delay time of 25 and 1 s, re spectively, to measure SF in 10 piglets. The mean SF values obtained for these animals were used as correction factors for the areas of NMR peaks measured in spectra using I-s interpulse delay times (see Results).
Alterations in phosphorylated metabolite levels during ischemia were calculated as the percent change in PCr and f3-NTP peak height relative to the mean for control spectra and lactate relative to the final lactate leak (30 min post mortem) . Data from 10 piglets indicate that line widths for PCr, f3-ATP, and lactate did not change during ischemia and therefore it was not necessary to measure peak areas to quantify changes relative to control condi tions. As mentioned above , 31p NMR spectra were ac quired at I-s intervals to improve temporal resolution at acceptable levels of SIN . However, if the T 1 time changes during ischemia compared with control, then the quanti tation of changes in phosphorylated metabolite concen tration will be adversely influenced. The potential for al terations in Tl to occur during ischemia was tested in 10 piglets of different ages by collecting 31p NMR spectra using a 25-and I-s interpulse delay time in an interleaved fa shion during ischemia. The ratio of 31p MR spectros copy peak-heights for the two delays (i.e., 25-s delay di vided by I-s delay) did not differ significantly between control and complete ischemia. This suggests that the T 1 times of PCr and NTP do not change during ischemia, and therefore changes in peak height obtained from spectra using a I-s delay accurately reflect changes in metabolite concentrations.
Calculation of cerebral energy reserves and energy uti lization rates. Brain metabolite concentrations deter mined from PCA tissue extracts of in situ fr ozen brain tissue were used to calculate total cerebral energy re serves using the method of Gatfield et aL (1966) , with the exception that ADP was not included in the calculation . Since [ADP]total is -0.3 IJ.moUg and [ADP]free is -0.02 IJ.mol/g (Erecinska and Silver, 1989) , the omission of ADP results in an underestimate of the total pool of -P of <5%.
Since in vivo 31p and l H NMR spectroscopy provides multiple measures of PCr, NTP, and lactate concentra tions at different times, it is possible to calculate d[ -P]ldt using two separate approaches: Method I-plot -P ver sus time and then determine the slope; or Method 2-de termine the individual rate constants for the PCr and ATP decline and lactate increase, and then use the first-order rate equations to calculate the individual contribution each of these makes to d[ -P]I dt. We consider both meth ods below.
Method 1. This method was adapted from the approach used by Lowry et aL (1964) , who measured rates of de cline in the concentrations of PCr, ATP, glucose, and glycogen and then converted these into high-energy phos phate equivalents assuming the following yields: 1 mol -P/mol PCr, 2 -P/ATP, 2 -P/glucose, and 2.9 -PI glycogen. The higher coefficient for glycogen represents an attempt to account for branching in the glycogen mol-ecule, which was assumed by Lowry et al . and others using this approach to remain constant throughout devel opment. In a subsequent study, glucose plus glycogen consumption was noted to exceed lactate fo rmation, im plying the formation of intermediates that do not yield � P (Gatfield et aI., 1966) . This suggests that the measurement of lactate formation, assuming 1 �P/lactate produced, provides a better measure of high-energy phosphate yield fr om carbohydrate reserves compared with measuring rates of decrease in glucose plus glycogen.
The fo rmula used by Lowry et al . (1964) ignores the possible contribution of nonadenosine triphosphates to the high-energy phosphate reserve. Recent high pressure liquid chromatography measurements have established that total NTP equals 3-4 fLmol/g wet wt in rat brain (Duffy et aI., 1975; Chapman et aI ., 1981) . In comparison, brain A TP determined enzymatically ranges fr om 2 to 3 fLmol/g (Ponten et aI., 1973; Erecinska and Silver, 1989) . Thus , �25% of the in vivo 31p NMR signal , normally attributed to A TP, also contains contributions from UTP, CTP, and GTP (Cady, 1990) .
With these considerations in mind, we adopted the fol lowing formula to calculate concentrations of high-energy phosphate reserves at time t following the start of isch emia:
where the subscripts initial and final refer to preischemia and postmortem concentrations, respectively. Since in vivo NMR does not readily provide a direct measure of ab solute metabolite concentrations, [PCr1;nitial and [NTP1;nitial were determined from brains frozen in situ under control conditions, while [lactate]final was deter mined from the brain tissue removed from the animals 40-45 min after commencing ischemia (i.e., 10--15 min after finishing the in vivo NMR measurements). Method 2. To implement this method, the first-order rate constant for lactate production ( k L ac) and PCr decay ( k pCr) were calculated by fitting the appropriate exponen tial equation to the ' H and 31p MR spectroscopy data, respectively:
Concentrations of lactate and PCr at various times were determined by comparing the intensity of the NMR peaks to [lactate]final (measured from a tissue sample obtained post ischemia) or [PCrlnitia, (measured from funnel frozen brain tissue under control conditions) , respec tively. For the determination of k NTP' the situation is more complex since it was apparent from the plots of the time course data (see Results and Fig . 2 ) that NTP does not follow a simple exponential decay during ischemia .
There is an initial plateau at control levels for 1-2 min followed by a slow decline in NTP. The reason for this is clear: While ATP is hydrolyzed to sustain brain fu nc tions, cerebral reserves of PCr and glycosyl units (i.e. , glucose plus glycogen) are metabolized, both processes yielding 1 molecule of A TP per molecule of PCr con sumed or molecule of lactate produced. Thus, the kinetics of NTP decay follows a mixed parallel and series first order reaction that can be represented in the following fa shion: (Simons, 1974) [lactate]final was determined fr om the biochemical anal ysis of postmortem brain samples of the piglets made ischemic and studied by NMR. [PCrlnitial and [NTP]initial were measured from the biochemical analysis of brain tissue funnel-frozen in situ for piglets of different ages maintained at control conditions during freezing. Since a significant fraction of nonadenosine triphosphate was present in piglet brain (Results), we used the initial concentration of total NTP ([NTP]initial) instead of [ATP1;nitial . k L ac and k pcr were determined as described above, fr om the first 3 min of PCr decay and first 5 min of lactate production, measured in vivo by 31p and ' H NMR, respectively, following cardiac arrest. Since it is the only unknown parameter on the right-hand side of Eq . 11 , kNT P can be determined by fitting this equation via non linear regression analysis to [NTP] , decline measured by 31p MR spectroscopy during the first 10 min of ischemia.
Knowledge of kpcr, kLac' and kN TP' [PCr]initia/, [NTP]initia/, and [lactate]fi na/ allows calculation of the ini tial rates of depletion of the major energy reserves, whose sum equals the initial rate of cerebral energy utilization at the start of ischemia:
where the terms on the right are defined by Eqs. 5, 6, and 7. Equation 12 is analogous to Eq. 2 used by Lowry et al. (1964) , with the additional benefit that it provides a more objective estimate of cerebral energy utilization com pared with procedures that require an estimation of the initial slope from -P-versus-time plots to calculate d[ -P]ldt (see Discussion).
RESULTS
Physiologic status
The mean control physiologic values for the 19 piglets studied by NMR in vivo before cardiac ar rest and the 12 animals before in situ brain fu nnel freezing are summarized in Table 1 . The mean physiologic values for the animals in these two ex periments did not diffe r and therefore these data were combined. Prostaglandin-induced labor re sulted in birth 2-3 days prematurely , and on aver age newborn piglets were studied 1 day before the expected normal gestational period for this species (115 days). The piglets underwent rapid and nearly linear growth as evidenced by -230 and -640% increase in body weight fr om newborn to 10 days and from newborn to 1 month old , respectively. Small but statistically significant increases in con trol [gluCOSe] p l as m a , P a o2, HCT, and MABP and de creases in P a co2 also occurred with increasing age. However, the overall differences in these values for the three age groups were small and unlikely to af fect the measurement of cerebral energy utilization made during ischemia.
For the animals studied by in vivo NMR, after a 30-min interval during which time [gluCOSe ] p l as m a was adjusted to a value in the range of 1-30 mM, a second series of physiologic measurements and NMR spectra were collected for each animal. Ex cept for [gluCOSe] p l as m a , there were no significant changes in group means in any of the physiologic or NMR variables compared with the first control measurements. After the injection of KCl, the heart rate dropped to zero within one or two beats, with a concurrent drop in blood pressure, indicating a well-defined time point at which complete cerebral ischemia was initiated. For five piglets in which rec tal temperature was monitored, the temperature measured 30 min after cardiac arrest differed by <1°C compared with control (37.8-38.3°C).
In vitro analysis of brain energy metabolite concentrations at control
The concentrations of brain PCr, A TP, NTP, glu cose, glycogen, and lactate measured from brain tissue fu nnel-frozen in situ are summarized in Table  2 . One-month-old piglets had slightly lower brain A TP , NTP, and glucose concentrations compared with younger animals. However, all three groups had identical brain PCr and lactate concentrations. Since physiologic variables were measured in these animals immediately before in situ freezing, it was possible to compare the ratio of cerebral glucose to plasma glucose concentration for the different age groups. For a given blood plasma glucose con centration, newborn piglets appeared to have a higher brain glucose concentration compared with older animals, as implied by a [glucose] br a in l [gluCOSe] p l as m a ratio equal to 0.74 ± 0.16, compared with 10-day-old and I-month-old piglets who had ratios of 0.4 1 ± 0.06 and 0.36 ± 0.03, respectively. However, the lower [glucose ] br a in in older piglets compared with younger animals appears to be com pensated for by a higher [glycogen]brain in the former. Thus, the total glycosyl and total high energy reserves in the three age groups do not differ ( Table 2) .
The concentration of NTP was significantly higher than that of ATP , implying the existence of Concentrations are expressed as f,Lmol/g of frozen brain powder; -P refers to the total high-energy phosphate content of the brain calculated from the following formula: -P = [PCr] + 2 x [ATP] + 2 x [glucose] + 2.9 x [glycogen] (see Calculations). For other abbreviations see the text. a . b . c Group means that are significantly different (Duncan mUltiple comparison test at p < 0.05) than in the age groups listed (i.e., anewborn; b lO days; C1 mojo significant levels of nonadenosine triphosphates for all three age groups (paired t test, p = 0.059-0.004 for the three groups). The contribution of nonade nosine triphosphates increases with age , as sug gested by a significantly higher NTP/ATP ratio in I-month-old piglets (1.24 ± 0.08 1) compared with newborn piglets (1.10 ± 0.07 ; unpaired t test, p < 0.05). The use of NTP instead of ATP to calculate -P gives values 0.6-0.8 unit higher than the values listed in Table 2 . The PCr/ATP ratio (1.20 ± 0.09 , 1.18 ± 0. 10, and 1.48 ± 0.16 for newborn, 10 days old , and 1 month old, respectively) was significantly higher than the PCr/NTP ratio (1.08 ± 0. 12, 1.02 ± 0. 1 1, and 1.19 ± 0.06, respectively) for all three age groups (paired t test, p = 0.058-0.002). The mean PCrI ATP and PCRlNTP ratios showed slight but significant increases with age (Duncan multiple comparison test, p < 0.05).
In vivo 31p NMR at control Figure I shows representative 31p NMR spectra obtained for a newborn, a 10-day-old, and a I-month-old piglet during control conditions. The mean SINs for 31p NMR peaks in control spectra using the standard I-s interpulse delay time were 16 ± 5, 12 ± 3, and 6 ± 2 for PCr, I3-NTP, and Pi' re spectively (n = 19 piglets ; sum of 40 FIDs). The corresponding SIN values in spectra obtained using a 25-s interpulse delay to evaluate SFs were 14 ± 4, 7 ± 2, and 4 ± 1 for PCr, NTP, and Pi' respectively (n = 10 piglets; sum of 10 FIDs). There were no significant linear correlations between animal age and the linewidth or saturation factor for PCr, I3-NTP, and Pi peaks (p < 0.05). Peak areas calcu lated by curve fitting were used to determine the fo llowing saturation factors for a I-s interpulse de lay time: 2.6 ± 0.4 (PME l), 1.1 ± 1.0 (PME2), 1.6 ± 0.3 (PD, 2.6 ± 1.4 (PDE), 2.2 ± 0.4 (PCr) , 1.7 ± 0.3 (-y-NTP) , 1.4 ± 0.3 (a-NTP) , 2.2 ± 1.4 (DPDE) , and 1.4 ± 0.3 (I3-NTP). SF-corrected 31p NMR peak area ratios are sum marized in Table 3 for the three age groups of pig lets studied. Since the areas of 'Y-NTP, a-NTP, and I3-NTP were the same, the mean area of these three peaks was used in the calculation of ratios. Similar to newborns from other species (Corbett, 1990) , the PMElINTP ratio decreased with age. There was a trend for an age-related increase in PCr/Pi and in PCr/NTP, although neither reached statistical sig nificance. The PDE/NTP (range 0.9-0.7), DPDEI NTP (range 0.6-0.4) , and P/NTP (range 0.6-0.5) ratios did not change with age. There was no sig nificant difference in intracellular pH (pHi) between the three age groups. P nuclear magnetic resonance (NMR) spectra ob tained for a newborn, 10-day-old, and 1-month-old piglet measured under control conditions (sum of 10 free induction delay transients per spectrum; delay time between excitation pulses equaled 25 s). Peak assignments are based on previ ous in vitro 31 P NMR analysis of piglet brain tissue extracts (Corbett et aI., 1987) : PME1, phosphoethanolamine; PME2, phosphocholine; Pi, inorganic phosphate; POE, glycerol phosphocholine; per, phosphocreatine; NTP, nucleotide triphosphates; DPDE, diphosphodiesters NAD and NADP. In vivo 31p and IH NMR during ischemia 31p NMR and lactate I H NMR spectra collected during ischemia in the present study did not differ substantially in quality compared with spectra pre sented previously (Corbett et aI. , 1991 (Corbett et aI. , , 1992 . Typ ical time course data for changes in PCr, NTP, and lactate for three individual piglets from each age group are shown in Fig. 2 . There was a more rapid decline in PCr compared to NTP for all three age groups, with parallel increases in inorganic phos phate (data not shown) and in lactate. Brain pHi decreased during ischemia, indicated by a shift in the resonance frequency of Pi' There was no fu rther decrease in pHi measured after 12-30 min of isch emia or lactate measured after 20-30 min.
Plots of cerebral energy reserves (-P) versus time during ischemia were nonlinear for all three age groups (Fig. 3) . The variability in preischemic energy reserves ( -Pinitial) at time = 0 is a reflection of the variability in [glucose] p lasma, which was ad justed to different values for each animal (see leg end to Fig. 3) . The initial slope of -P versus time was calculated for each animal to determine d-Pldt (see Calculations , Method 1) and to see if d-Pldt decreased with increased -P reserves before isch emia or with increased levels of intracellular acido sis during ischemia. The slope was calculated for two intervals: 0.0-l.4 and l.4-3.2 min. The mean slopes (IJ-mol -P/g/min) for the two intervals were 3.1 ± 0.7 and 3.0 ± l.0 for newborns, 4.1 ± l.0 and 3.6 ± l.3 for 10-day-olds, and 5.2 ± 1.0 and 3.7 ± 0.9 for I-month-olds. Linear regression analysis of -P versus the slope calculated for the first interval revealed no significant correlation for all three age groups (linear regression coefficient, r < 0.46) , sug gesting that during the initial 1.4 min of ischemia, the rate of energy utilization was independent of the preischemic total energy reserves. A paired t test showed that slopes for the first and second interval were not significantly different for all three age groups (p > 0.05), although there was a trend for a larger difference with increased age. In contrast, pHi was significantly different for the two intervals for all three age groups (paired t test, p < 0.005).
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The mean pHi values for the two time intervals were 6.92 ± 0.05 and 6.66 ± 0.02 for newborns, 6.88 ± 0.06 and 6.56 ± 0.06 for lO-day-olds, and 6.87 ± 0.05 and 6.5 1 ± 0.06 for I-month-olds. Thus, a -0.3-unit drop in pHi appeared to have no effect on cerebral energy utilization during the initial 3.2 min of complete ischemia for all three age groups.
A more detailed comparison of cerebral energy utilization between age groups and glucose dependent changes within groups was facilitated by the calculation of kpcn kLac' and kNTP (Table 4 ). The solid lines in Fig. 2 show the best fits of Eqs. 3, 4, and 11 to the experimental data (symbols). As noted previously (Corbett et aI. , 1991) , kLac changes as a fu nction of preis chemic [glucose ] p lasma' and hence average group values were not calculated since each piglet had a different blood [glucose] p lasma' In comparison, kPCr was not dependent on [glu cose] p lasma (r < 0.3) for all three ages. kPCr was sig nificantly higher in I-month old animals compared with newborn and 10-day-old animals (Duncan mul tiple comparison test, p < 0.05). Similarly , kNTP did not show a linear correlation with [glucose ] p lasma (r < 0.5), but did increase with age ; the group means of kNTP were significantly different for all three age groups. The half-life ofNTP was estimated from the solid curves shown in Fig. 2 for the best fit of Eq. 11 to the time course of changes in NTP and plotted for each animal. The average half-life of NTP in new borns (4.07 ± l.29 min) was significantly longer than in I-month-old piglets (2.43 ± 0.78 min) , while lO-day-old animals showed an intermediate value (3.35 ± l.03 min). For all three age groups, there was no significant linear correlation between the half-life for NTP versus [glucose] p lasma' The half-life for NTP decay does not show the conventional re lationship with kNTP (i.e., tl/2 = In 2IkNTP)' because newly synthesized NTP is produced from the hy drolysis of PCr and production of lactate from glu cose via anaerobic glycolysis. In the absence of these energy sources, the half-life of NTP would be only -15-30 s following cardiac arrest, instead of 2-4 min, as observed.
The rate constants kpcn kLac' and kNTP estimated (Table 4) . Within each group , d�Pidt did not show a significant correlation with �Pinitial (r < 0.63).
DISCUSSION
These experiments establish that piglets have maturational increases in cerebral energy utilization during the first month of life and that these changes can be quantified using in vivo NMR spectroscopy. Cerebral energy utilization rates increased 230% from newborns to I-month-olds with intermediate values for 10-day-olds. Mean d�Pldt values for newborn piglets (Table 4 ) are higher than values reported for newborn mice (2.3 flmol � PIg wet wtl min) (Thurston and McDougal, 1968 ) and rats (1.3 flmol/gimin) (Duffy et aI., 1975) , measured using conventional in vitro biochemical techniques ·to quantify the time course of changes in brain ATP , PCr, and lactate after decapitation. Ten-day-old piglets had energy utilization rates intermediate be tween lO-day-old mice (13 flmol/g/min) (Lowry et aI. , 1964) and 7-day-old rats (2.3 flmol/g/min) (Duffy et aI. , 1975) , while rates for I-month-old piglets are less than for adult mice (25 flmol/g/min) (Lowry et al. , 1964) and rats (27 flmol/g/min) (Swaab and Boer, 1972) . These results support our hypothesis that newborn piglets, having maximal cerebral growth in the perinatal period, also have higher ce rebral energy utilization rates compared to rodents, whose maximal growth and development occur postnatally. It is apparent that the rate of increase in energy utilization occurring after birth is not as dra matic in piglets compared to rodents.
Cerebral PCr concentrations for swine (Table 2 ) are low compared with literature values reported for adults (�5 flmol/g) (Erecinska and Silver, 1989) . However, PCR concentrations in newborn rats (2.3 flmol/g) (Duffy et aI. , 1975) and mice (3.4 flmol/g) (Thurston and McDougal , 1969) are also low, re flecting increases in PCr with brain development (Corbett, 1990) , although this trend was rather small for piglets during their first month of life. We dis counted the possibility of hydrolysis of PCr during freezing, since [PCr]/[NTP] ratios measured bio chemically (range 1.02-1.19) were in excellent agreement with ratios measured in vivo using 31p MR spectroscopy (Table 3) .
The observation that preis chemic high-energy re serves increased with increased [gluCOSe] p lasma (Fig.  3) is consistent with previous observations of a sig nificant linear correlation between [gluCOSe] p lasma and [lactate]brain after 30 min of complete ischemia (Corbett et aI. , 1991) . Thus, for hyperglycemic an imals, cerebral energy reserves of glucose plus gly cogen concentrations increase and lead to elevated brain lactate concentrations during ischemia com pared with hypo-or normoglycemic animals. How ever, there was no correlation between energy uti- lization rates and preischemic levels of high-energy reserves, which were elevated in hyperglycemic an imals. This seemed to contradict our earlier obser vation that agonal glycolytic rates increase with in creased [glucose ] p lasma for piglets from newborn to 1 month old (Corbett et aI. , 1991) . However, the apparent Km for the [glucose] p lasma-enhanced ago nal glycolytic rates equals 0.8 and 4.8 mM for new born and I-month-old piglets , respectively (Corbett et aI. , 1991) . Since most animals in the present study had [glucose] p lasma concentrations above 5 mM (Fig. 3) , the rate of ATP production provided via glycolysis was relatively constant within each age group. Based on V max values for glycolysis equal to 1.4 and 3.42 j..L mol/g/min for newborn and I-month-old piglets, respectively (Table 2 of Cor  bett et aI., 1991) , and the mean d�P/dt summarized in Table 4 , we estimate the fraction of total energy utilization provided by glycolysis equaled 0.43 (i.e., 1.4 x 2/6.5) and 0.45 , for both hyperglycemic and normoglycemic newborn and I-month-old piglets, respectively. These values are in good agreement with a fraction of 0.52 calculated for newborn rats (Duffy et aI. , 1975) and support the notion that gly colysis contributes the same portion of the total en ergy requirement of brain in the newborn as in the adult (Thurston and McDougal, 1969) . We conclude that elevated [glucose] p lasma levels before ischemia do not impart any beneficial effect on sustaining rates of NTP utilization during complete ischemia. In contrast, for hypoglycemic animals, the rela tive contribution of glycolysis to energy utilization during ischemia will drop to a greater extent in I-month-old piglets compared with newborns. This is due to the significantly higher apparent Km mea sured for older piglets compared with newborns (see above). For example , for a [glucose] p lasma of 2 mM, the agonal glycolytic rate equals � 1.0 j..L mollg/ min for both newborn and I-month-old piglets, but the fractional contribution of glycolysis to energy utilization will equal 0.3 1 and 0.13, respectively. It follows that cerebral energy depletion during com plete ischemia would be adversely affected to a greater extent in hypoglycemic I-month-old animals 1.44 ± 0.30b , c 6.5 ± 1.9c 1.88 ± 0.48a , c 9.5 ± 3.2c 2,75 ± 0.43a,b 15,1 ± 3,2a,b
kL ac changes as a function of preischemic [glucose] p lasma, and hence average group values were not calculated since each piglet had a different blood [gluCOSe] p lasma' a , b , c Group means that are significantly different (Duncan multiple comparison test at p < 0.05) than in the age groups listed (i.e., anewborn; blO days; Cl mo). compared with newborns. This prediction is consis tent with observations in the present study that for the single hypoglycemic I-month-old piglet studied ([glucose] p lasma = 3.1 mM), the half-life for NTP was 1.2 min compared with a mean group value of 2.7 ± 0.5 min for the remaining five animals. In comparison, a newborn piglet with a similar [glu COSe] p lasma had a half-life for NTP of 4.6 min, which did not differ from a mean half-life equal to 4.4 ± 1.2 min calculated for the five animals in this group that were either normoglycemic or hyperglycemic before ischemia.
The nonlinear relationship between -P and time (Fig. 3 ) may explain why our estimates of energy utilization from "initial" slopes were lower than en ergy utilization estimated from rate constants and initial substrate concentrations, using Eq. 12. The difference between d-Pldt calculated by these two methods was most prominent for animals with the highest rate of energy utilization. For example , for I-month-old piglets, d-Pldt calculated from the ini tial slope (5.1 fJ-mol -P/min/g using data collected for the first 1.4 min of ischemia) was nearly three times lower than that calculated using Eq. 12 (15.2 fJ-mol -P/min/g; Table 4 ) . The substantial disagree ment between the two calculated values for d-Pldt led us to reexamine the accuracy of literature values for rodents, which were all estimated from "initial slopes" of -P-versus-time plots (Lowry et a! ., 1964 ; Thurston and McDougal , 1968 ; Swaab and Boer, 1972; Duffy et a! ., 1975) . Examination of plots of -P versus time from these articles suggests that the criterion for the inclusion or exclusion of time intervals used for calculating the initial slope was not specified in them and differed from study to study . We therefore decided to reestimate d-Pldt values for rodents using the approach developed in the present study (method 2). This was done by estimating PCr, ATP, and lactate concentrations before and during ischemia in the published data, calculating the rate constants k P Cn kLao and kN TP via nonlinear regression analysis using Eqs. 5, 6, and 11, respectively, and then calculating d-Pldt using Eq. 12. Energy utilization rates of 17, 14, and 6.7 fJ-mol -P/min/g were obtained for adult, lO-day old , and newborn mice, respectively, and rates of 28, 4.8, and 4.3 fJ-mol -P/min/g were obtained for adult, 7-day-old, and newborn rats, respectively. The most pertinent differences between our values and the literature values were for newborn mice (6.7 vs. 2.3 fJ-mol -P/min/g, respectively) and newborn and 7-day-old rats (4.3 vs. 1.3 and 4.8 vs. 2.6 fJ-mol -P/min/g, respectively). It is possible that the liter ature values underestimate energy utilization be cause it was assumed that -P versus time remains linear for the first 2-5 min fo llowing decapitation. Comparison of the energy utilization rates for pig lets and the reestimated rates for rodents suggests that newborn piglets have about the same energy utilization rates as newborn mice and slightly higher rates than newborn or 7-day-old rats . Therefore, our hypothesis concerning energy utilization rates in perinatal versus postnatal developing species is not as strongly supported by the reestimated liter ature data from rodents, although the same trend for higher d-Pldt values in newborn piglets still holds. Quantitative associations between energy utilization rates and maximal rates of brain growth and development require reinvestigation in a vari ety of species in view of these important method ological issues.
